ABSTRACT. The reproductive function in anurans depends on interactions between the hypothalamus, adenohypophysis and gonads, which are mediated by an endocrine circuit. We studied the relationship between reproductive and histological parameters, variation in spermatogenic activity, and plasma testosterone concentration cycle for a population of Rhinella arenarum under field conditions in the Monte Desert of Argentina. We captured 28 adult male R. arenarum from December 2009 to November 2010, and define two seasons (wet and dry seasons). We performed histological analyses of the testes and used radioimmunoassay to determine plasma testosterone concentrations. Our results showed no difference in testicular volume between the wet and dry seasons, but found that changes in the fat body mass were higher in the dry season. The spematogenic cycle was characterized by the prominent presence of spermatogonia at the end of the dry season and the wet season. We also observed a higher percentage of primary spermatocytes in the wet season. In addition, we found that R. arenarum showed a continuous spermatogenic cycle, and spermatogenesis produced a high percentage of sperm bundles in the dry season, concordant with high levels of testosterone. Testosterone levels were highest during the dry season (33.89 ± 7.85 ng/ml). Our data indicate that plasma testosterone showed a "dissociation" from reproductive activity such that the two parameters are asynchronous during the reproductive season. The characteristics of the reproductive cycle of R. arenarum allow this species the plasticity to colonize different environments, from tropical regions to deserts.
Introduction
Anurans exhibit some of the most diverse reproductive strategies and adaptations known among vertebrates including, internal and external fertilization, oviparity and viviparity, direct and indirect development, and many forms of parental care such as the eggs or young are carried on or embedded in their backs, in pouches, and even in vocal sacs and stomachs (Duellman & Trueb 1994; STebbinS & Cohen 1997; WellS 2007; Crump 2015) . The reproductive activity is often synchronized and adapted to environmental conditions such as temperature, photoperiod, humidity and food availability (FernánDez & ramoS 2003) . Due to the diverse environments in which anurans live, they have developed a diverse range of reproductive strategies. These reproductive strategies are optimal combinations of morphological, physiological, behavioral, and life history traits that maximize reproductive success under particular environmental and evolutionary constraints (peroTTi 1997) . Adaptation to varied environments requires some adjustments of the reproductive cycle to produce offspring during the period of the year in which the majority of offspring have the greatest chance of survival (CallarD et al. 1978; De Souza SanToS 2006) . Many organisms are able to perceive changes in the environment and modify their physiology accordingly (De Souza SanToS & De oliveira 2008) . In the desert, one of the main factors that triggers reproductive behavior is rain (Duellman & Trueb 1994) .
Spermatogenesis is a highly conserved process in all vertebrate species (JørgenSen 1992) . Spermatogenic conditions vary with environmental circumstances: in relatively constant environments, such as the tropics or in the laboratory, spermatogenesis may be continuous (raSTogi 1976; SaSSo-Cerri et al. 2004) . In contrast, in fluctuating environments (e.g., desert systems), spermatogenesis is expected to be quiescent during the non-reproductive, winter months (monTero & piSanó 1990 , 1992 .
In anurans, stored lipids may be used for metabolic maintenance during aestivation and/or for gonadal activity in reproduction (long 1987) . Abdominal fat bodies are important for physiological regulation and are thus likely to vary seasonally. Fat bodies are located in the anterior margin of the testes and function as nutritional reserves due to being rich in cholesterol and triglycerides (De Souza SanToS & De oliveira 2008) . Both fat bodies and the testes may differ in size throughout the reproductive cycle (huang et al. 1997; huang & Yu 2005) ; the fat body size is reduced or disappears during the breeding period of anurans because it is used as an energetic resource for the first egg clutches (JørgenSen 1992). Anurans from xeric regions have fat bodies that reach their minimum size at emergence from dormancy and their maximum size when they enter the next period of dormancy (long 1989; SeYmour 1973) . Therefore, toad mass and body size, testicular volume, and mass of the fat bodies are important life history parameters (peroTTi 1997).
Reproductive function in anurans is dependent on interactions between the hypothalamus, adenohypophysis, and gonads, which are mediated by an endocrine circuit (ChieFFi et al. 1980) . Stimuli such as environmental signals (abiotic factors as well as number of light hours, temperature, humidity or a combinations of factors), biological signals, and stimuli regarding the social environment are transmitted to the central nervous system. These stimulate the gonads to produce gametes (oocyte or sperm) and release sex steroids such as estrogen and testosterone (liChT et al. 1983) . In anuran males testosterone increases reproductive success by promoting sexual behavior, secondary sexual characters, and sperm production (hau 2007). Testosterone levels vary, however, depending on the reproductive strategy in amphibians (dissociated and associated strategies) (CreWS & moore 1986; Shalan et al. 2004) : the 'dissociated' reproductive strategy is characterized by high levels of plasma testosterone in association with inactive spermatogenesis during aestivation. Therefore, during breeding, testosterone levels decrease and are thus disassociated with the reproductive period (DelgaDo et al. 1989) . In the 'associated strategy', plasma testosterone levels fluctuate simultaneously with spermatogenic activity during the reproductive period (raSTogi et al. 1986) . Reproductive activity appears to be associated with high plasma levels of androgens in anuran species such as Lithobates catesbeianus (= Rana catesbeiana (Shaw, 1802)) (menDonça et al. 1985) , Agalychnis dacnicolor (= Pachymedusa dacnicolor (Cope, 1864)) (raSTogi et al. 1986) and Hypsiboas faber (Wied-Neuwied, 1821) (De aSSiS et al. 2012) . However, some species, such as Pelophylax ridibundus (= Rana esculenta (Linnaeus, 1758)) (raSTogi et al. 1976) , Taricha granulosa (Skilton, 1849) (SpeCker & moore 1980) and Bufo japonicus (Temminck & Schlegel, 1838 ) (iToh et al. 1990 , express low androgen levels in summer, when spermatogenesis is at a maximum.
Animals that live in arid and semi-arid environments must face low rainfall, low humidity and high environmental temperatures, which require adaptive changes in several key physiological and reproductive processes (WhiTForD 2002; Tieleman et al. 2002; broWn et al. 2011; korDonoWY et al. 2017) . In contrast to amphibians from temperate and tropical zones in North and Central America, which have received considerable attention, desert-adapted species from South America are relatively understudied (arzabe 1999; CanoSa et al. 2003; Denari & CeballoS 2005; maDelaire & gomez 2016; maDelaire et al. 2017) . The common toad Rhinella arenarum, inhabits arid and subarid environments of western and central Argentina. This species is widely distributed in Argentina from northern Jujuy Province to the Río Chubut in Patagonia. Despite it being one of the most common anurans in this region, most aspects of the ecology of this toad are not well known (Cei 1980; gallarDo 1987) .
For R. arenarum, androgens do not appear to be associated with reproductive activity because testosterone levels decrease significantly during the breeding season in males (CanoSa & CeballoS 2002; Denari & CeballoS 2005 ). meDina et al. (2004 analyzed the seasonal rhythms of sex steroids of females of R. arenarum in the Tucumán province, Argentina and found high levels of testosterone and dihydrotestosterone (DHT) during the pre-ovulatory period when oogenesis was advanced (JulyAugust).
Our aim was to study the reproductive cycle of males of R. arenarum from the Monte Desert under field conditions, with emphasis on, a) variation of spermatogenic activity: the relationship between reproductive and histological parameters, and b) plasma testosterone concentration cycles. We hypothesized that R. arenarum would exhibit continuous spermatogenesis, consistent with the typical pattern of desert anuran species that occur in areas characterized by unpredictability in climate. Alternatively, gonadal maturation could show synchrony with circulating levels of testosterone.
Materials and methods
La Quebrada de Las Flores is located 55 km east of the city of San Juan in the Caucete Department (31º31′ S, 67º51′ W; 800 m), Argentina. The dominant vegetation in the area includes Deuterocohnia longipetala (chaguar), Larrea sp. (jarillas), Prosopis sp. (algarrobos), and Bacharis salicifolia (chilca dulce). This region is part of the Monte Desert characterized by an arid climate, with precipitation concentrated in summer and with regimes of high average temperatures and large thermal amplitudes (Cabrera 1976) . R. arenarum reproduces in spring, when water levels increase due to ice melt. The creeks have small flows and are subject to great evaporation. Thus, creeks experience both daily and seasonal variation in water levels and form salt layers at the margins. During the summer period (December -February), rainfall produces considerable (increasing) runoff, which removes a large amount of material with speed. This type of environment ('slopes') is scarce in the mountainous area and represents the only available water resource for the regional fauna.
We visited the study area during seven month and captured 28 adult male of R. arenarum between December 2009 and November 2010. We collected individuals randomly using visual encounter surveys during the reproductive season (heYer et al. 2001) . During aestivation (austral winter: May to July), we used shovels and crowbars to lift rocks and collect toads. All specimens used in the experiments were acquired according to legal regulations concerning the protection of wild species.
All toads were captured by hand, then weighed (corporal mass = CM) with a digital scale (Denver, USA up to 0.1 g precision) and measured (snout vent-length, SVL) with calipers. We anesthetized toads with an intraperitoneal dose of 1ml Xylocaine 2%. Immediately after the anesthetic, a blood sample was taken via cardiac puncture using a 1 ml heparinized syringe. We obtained ~ 800 µl of blood from each of 28 individuals, which was immediately centrifuged for 15 min at 3000 rpm (Centrifuge Eppendorf Presvac-EPF-12 CFE-16, Argentina). The plasma was removed, stored in microcentrifuge tubes, and frozen at -20°C until processing.
After blood extraction, males were euthanized by a lethal injection of anesthesia (2.5 ml of 2% xylocaine and 2% lidocaine HCl, Astra Zeneca Labs, Bs. As., Argentina) into their lymphatic sacs. We removed both testicles and measured the length and width of each right testis with a digital caliper (accuracy: 0.01 mm; Essexs; China). We calculated the testicular volume (TV) using the spheroid formula (Dunham 1983) . We also cut the testicles into small pieces and fixed them by immersion in a fixative solution (4% glutaraldehyde (v/v), 2% of freshly prepared paraformaldehyde (v/v) in saline phosphate buffer PBS). We extracted the fat bodies, which were weighed (FBM) on a digital scale (Denver; 0.001 g, USA).
Histological analyses of the testes were performed on 28 males. Ten sections (6 µm) of each right testis were stained using the hematoxylin and eosin method, examined with a light microscope (Ultraphot Zeiss, Germany), and photographed with a digital camera (MTI, Dage, USA). Photomicrograph analyses were performed using Image J (raSbanD 2008). The surface area of each seminiferous tubule was calculated using the formula for the surface of an ellipse [Se = ð*Mrt*mrt] where, Mrt = major radius of tubule, mrt = smaller radius tubule.
Spermatogenic activity was assessed qualitatively, and the order of spermatogenic stages were determined following De oliveira et al. (2003): primary, and secondary spermatogonia (I SPG, II SPG), primary, and secondary spermatocytes (I SPC, II SPC), spermatids (SPT), sperm bundles (SB), and spermatozoa (S). We analyzed micrographs to determine the relative area of each spermatogenic stage present in each testis, relative to the total surface of a seminiferous tubule as 100% coverage.
We determined the plasma testosterone concentrations in 28 male toads by radioimmunoassay (RIA) using a [I-125]-Testosterone RIA Coat-A-Count Total Testosterone commercial kit (Siemens AG, Erlangen, Germany). To validate the testosterone RIA for R. arenarum plasma, we assayed all samples in parallel: (1) plasma with no treatment; (2) plasma acidified with addition of 10% v/v of HCl 0.1 N to dissociate steroids from circulating SHBG (sex hormone-binding globulin) or other circulating steroid binding proteins; and (3) plasma extracted twice with 10 v/v ethyl ether, evaporated, and dissolved in assay buffer. The best recovery was obtained using the ethyl ether procedure so we analysed all 28 samples using this method. Serial dilutions of some samples gave values that were parallel to the standard curve. The efficiency of the ethyl ether procedure was higher than 95% for the concentrations assayed, which were 2 and 50 ng/ml testosterone added to charcoal extracted plasma. For the RIA, 60 µl aliquots of ethyl ether plasma were used, and the procedure was performed according to the manufacturer's instructions. Values were corrected for the 10% dilution factor and expressed as ng/ ml. Assay sensitivity was 0.2 ng/ml plasma. We evaluated all results with respect to two seasons: the wet season, characterized by the presence of heavy rains (November to March) with mean maximal temperature of 30.7ºC, minimum temperature of 19.6ºC, and a mean rainfall of 84 mm; and the dry season which extends from April to October. The dry season is characterized by a mean maximal temperature of 20ºC, minimum temperature of 6ºC, and mean rainfall of 1.9 mm (Cabrera 1976).
Statistical Analyses: Normality and variance-homogeneity assumptions were tested using the Kolmogorov-Smirnov and Levene tests. When the assumptions were violated, a non-parametric Mann Whitney U-Test and median values were used. When values were normal and variances homogeneous, we used an ANCOVA with SVL as the covariate. The values of all variables are shown as means ± SE. The relationships among variables were analyzed using non-parametric Spearman correlations. We implemented all analyses in the PAST statistical software version 9.4 (hammer et al. 2001) statistical packet.
Results
Snout-vent length (SVL) of adult males of R. arenarum (n = 28) ranged from 90.5 to 109.3 mm (mean = 101.5 ± 0.92 mm), Fat Body Mass (FBM) varied from 0.004 to 4.6 g (mean = 1.4 ± 0.2 g), and Testicular Volume (TV) varied from 25.9 to 178 mm 3 (mean = 92.9 ± 6.3 mm 3 ).
The TV did not differ between the months studied (ANOVA, F (6.18) = 0.91, P > 0.5, Cov: SVL). There was no significant relationship between TV and SVL (P > 0.09), and FBM was correlated with TV (Spearman Correlation: R = 0.47, P > 0.01, n = 28). Also, FBM was higher in the months of March and May (ANCOVA, F (6.20) = 3.66, P < 0.01, Cov: SVL; Fig. 1 ).
FBM was negatively correlated with the II SPG (Spearman Correlation: R = -0.39, P < 0.03, n = 28). In contrast, we observed a positive correlation between SB and FBM (Spearman Correlation: R = 0.37, P < 0.04, n = 28).
The spematogenic cycle was characterized by the greater abundance of SPG (I SPG + II SPG) at the end of the dry season and wet season (Fig. 2) . I SPC and II SPC cells were more abundant during the wet season (Fig. 4A ). SPT were more abundant in September, and the sperm bundles were more abundant in May and July (dry season) before breeding (Fig. 4B) . Finally, spermatozoal count was highest in the dry season (July; Fig. 2 ).
Overall, the plasma concentration of testosterone in males of R. arenarum varied throughout the study (ANOVA F (6.21) = 3.05, P < 0.02; Fig. 3 ). It was lowest in the wet season (mean = 33.89 ± 7.85 ng/ml (n = 16) and highest in the dry season (mean = 146.45 ± 37.08 ng/ml (n = 12; ANOVA: F (1.26) = 11.50, P < 0.002) ). The Fisher LSD post-hoc test validated differences in the concentration of plasma testosterone across the seven months of the study. We observed the largest difference between concentrations in May and in the months of December, February and March. Plasma testosterone was also higher in July compared to February and March, and higher in May compared to November and September (Fig. 3) . We did not observe a correlative relationship between testosterone levels and the following reproductive variables: TV (P > 0.50), FBM (P > 0.92), and body mass (P > 0.49), or SVL (P > 0.42). Further, we found no relationship between testosterone and the following variables: I SPG (P > 0.94), II SPG (P > 0.94), II SPC (P > 0.25), SPT (P > 0.44), spermatozoa (P > 0.91), or surface area of seminiferous tubules (P > 0.90). However, testosterone levels did show a relationship with I SPC (Spearman, R = -0.52, P < 0.01, n = 19), and with SB (Spearman, R = 0.50, P < 0.02, n = 19). 
Discussion
Fat bodies are considered an important nutritional reserve for the gonads and body (ChieFFi et al. 1980) . We observed high fat body mass in R. arenarum at the end of the wet season and early dry season. Fat bodies enlarge following breeding (at the end of dry season), attributed to food consumption (Quiroga et al. 2009 ). Thus, fat bodies serve as energy reserves for R. arenarum for estivation and for breeding the following year when males consume only a small amount of food (WoolbrighT 1989) . We observed that R. arenarum have empty stomachs during the breeding period (call activity) in the Monte desert (pers. obs.), indicating that this species probably uses fat bodies not only as a reserve for gonadal development (sperm production) but also as a reserve for activities that require high energy expenditure during the breeding season (ChieFFi et al. 1980; TSiora & kYriakopoulou-Sklavounou 2001; Carvalho et al. 2010) , such as calling behavior and territorial defense of breeding sites (navaS et al. 2008) .
ChieFFi et al. (1980) demonstrated that removing the fat body in R. esculenta resulted in atrophic changes in the testes and the inhibition of spermatogenesis, demonstrating the importance of the fat body in spermatogenesis. In many species of amphibians, spermatogenesis begins immediately after the breeding season (SaSSo-Cerri et al. 2004 ) when primary spermatogonia begin to develop. Here, we found a negative correlation between fat body mass and secondary spermatogonia. Therefore, this energy source would likely be used in the first phase of spermatogonial development during spermatogenesis (De oliveira & viCenTini 1998). Conversely, we detected a positive relationship between the sperm bundles and fat body mass. This is likely due to the fact that both variables show peak development just before the breeding season and then decrease after the start of the breeding season. Sperm bundles then become spermatozoa when the fat body is no longer used as an energy source. (1978) demonstrated the influence of temperature on spermatogenesis in R. esculenta. In general, the proliferative activity of the first spermatogenic stages is low at low temperatures and high at high temperatures (raSTogi et al. 1990 ). For R. esculenta, the percentage of primary spermatocytes was highest in the wet season (austral summer). Similarly, we found that R. arenarum exhibits a high percentage of initial spermatogenic stages (ISPG, IISPG) during the wet season. Spermatogenesis in amphibians is described as an extended and complex process that begins with the proliferation and differentiation of stem cell spermatogonia, proceeds through meiosis, and terminates with spermiogenesis to produce a full supply of male gametes for the forthcoming breeding season (raSTogi et al. 1988 ). burgoS & manCini (1948 demonstrated that spermatogenic activity throughout the year in the testes of R. arenarum is distinguished by three phases: a) initial stages, represented by primary and secondary spermatogonia, which predominate from October to January; b) intermediate stages in which primary spermatocytes, and spermatids are observed during the summer and fall, and c) final stages in the winter months, with sperm bundles reaching the highest level in September. We distinguished the three phases described by burgoS & manCini (1948), but with an earlier initiation of stage 1 for the population of R. arenarum at Pie de Palo: populations of Pie de Palo exhibited the initial stages from September to March. The increase in ambient air temperature in late August, associated with the Zonda winds, could account for our finding that phase 1 starts a month earlier (CareTTa et al. 2004) . We observed intermediate stage spermatogenic activity in summer and autumn, but also found intermediate stage activity in the early spring (September). The final stages, characterized by a large percentage of sperm bundles, reached their highest level in the cold months.
Overall, our findings are consistent with a species demonstrating a continuous spermatogenic cycle: testicular volume does not vary throughout the year, as has also been observed for other populations of R. arenarum (Quiroga & Sanabria 2012) . As the sperm cycle of R. arenarum is continuous, the germinal epithelium never achieves a resting state (Cei 1949) . Another bufonid, R. spinulosa (Wiegmann, 1834) , also has a continuous cycle with large seasonal variation and minimal spermatogonial mitotic activity in winter (buSToS-obregon & allienDe 1973; buSToS-obregon et al. 1973) . The geographic and evolutionary origin of R. arenarum is tropical (Cei 1980 ) with a recent invasion into temperate regions.
It is possible that males have retained the acyclic reproductive activity in common with tropical species (Quiroga & Sanabria 2012). et al. (2004) suggested that testosterone is a hormonal modulator of spermatogenic activity in desert anuran species. In addition, plasma testosterone levels vary markedly among different toad species, from as low as 1.2 ng/ml in Bufo asper (Smith, 1931 ) (emerSon & heSS 1996 (Cei 1980; gallarDo 1987) .
Shalan
We found no relationship between testosterone levels and fat body mass associated with the gonads. This result was not consistent with findings for other frog species that show a positive relationship between testosterone and fat body mass (FiTzpaTriCk 1976) . R. arenarum has fat bodies located in other parts of body such as the axillary and inguinal regions. It is possible that it utilizes these fat bodies as alternative reserves. Spermatogenesis in R. arenarum showed a high percentage of sperm bundles in the dry season months, concordant with high levels of testosterone. lavilla & rougeS (1992) point out that the species of the genus R. arenarum sperm can be present throughout the year. Furthermore, the low concentration of testosterone, in our study, was related to the percentage of primary spermatocytes. This relationship is consistent with studies carried out by raSTogi (1976) in normal toads (not hypophysectomized) that were injected with testosterone, in which it was also observed that the transformation of secondary spermatogonia in primary spermatocytes was blocked.
Androgens are predominant in the testes of R. arenarum in the non-breeding season (CanoSa & CeballoS 2002) . We also found plasma testosterone showed "dissociation" with reproductive activity, with high values of testosterone outside of the breeding season, similarly to the findings of CanoSa et al. (2003) and Denari & CeballoS (2005) . Dissociated reproductive tactics (elevated levels of reproductive steroids in periods outside the breeding season), are consistent with animals that live in places with rigorous climates and predictable but truncated breeding periods (CreWS & moore 1986; krohmer et al. 1987) . The focal population of R. arenarum in the Monte desert that we observed reproduce opportunistically, in concordance with dissociated reproductive tactics. CreWS & moore (1986) suggested that androgens do not mediate activation behavior in animals with opportunistic reproduction. However, this would not be the case in our study population, which inhabits locations with permanent water. It is more likely that reproduction in R. arenarum exhibits evolutionary constraints determining that breeding begins in early spring (Sanabria et al. 2005) . We agree with CanoSa & CeballoS (2002), however, that it is possible that low levels of steroids produced during the breeding season of R. arenarum could exert an action on the central nervous system and thus induce breeeding. It is also possible that other androgens such as 5-dihydrotestosterone (DHT) and androstenedione (A) could act in combination to activate breeding because they are synthesized in the testis of anurans together with testosterone (raSTogi et al. 1986) . Therefore, it is important to examine the role of the other hormones that could be involved in sexual activity of toads.
In summary, throughout the study year male R. arenarum did not show changes in their testicular volume, and testes contained spermatozoa in the seminiferous tubules at all sampled times (sperm cycle is continuous). The spermatogenesis in R. arenarum showed a high percentage of sperm bundles and spermatozoa in the dry season, corresponding with high levels of testosterone. Therefore, we believe that the males have an asynchronous strategy for reproduction. The reproductive cycle of R. arenarum allows this species to colonize and successfully reproduce in varied environments, from tropical regions to deserts.
